The biological performance of bone graft substitutes based on calcium phosphate bioceramics is dependent on a number of properties including chemical composition, porosity and surface micro-and nanoscale structure. However, in contemporary bioceramics these properties are interlinked, therefore making it difficult to investigate the individual effects of each property on cell behavior. In this study we have attempted to investigate the effects of calcium and inorganic phosphate ions independent from one another by preparing composite materials with polylactic acid (PLA) as a polymeric matrix and calcium carbonate or sodium phosphate salts as fillers. Clinically relevant bone marrow derived human mesenchymal stromal cells (hMSCs) were cultured on these composites and proliferation, osteogenic differentiation and ECM mineralization were investigated with time and were compared to plain PLA control particles. In parallel, cells were also cultured on conventional cell culture plates in media supplemented with calcium or inorganic phosphate to study the effect of these ions independent of the 3D environment created by the particles. Calcium was shown to increase proliferation of cells, whereas both calcium and phosphate positively affected alkaline phosphatase enzyme production. QPCR analysis revealed positive effects of calcium and of inorganic phosphate on the expression of osteogenic markers, in particular bone morphogenetic protein-2 and osteopontin. Higher levels of mineralization were also observed upon exposure to either ion. Effects were similar for cells cultured on composite materials and those cultured in supplemented media, although ion concentrations in the composite cultures were lower. The approach presented here may be a valuable tool for studying the individual effects of a variety of soluble compounds, including bioinorganics, without interference from other material properties.
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Introduction
Calcium phosphate-based compounds have a long history of use in bone replacement and regeneration, mainly owing to their chemical likeness to bone mineral [1] . As discussed in a recent review, inorganic bone graft substitutes are generally considered to play a beneficial role in bone repair only in the solid state [2] . In other words, their main function is ''structural'', meaning that they act as a barrier to soft tissue infiltration, offer temporary or lasting mechanical support to damaged hard tissues and facilitate the onset and growth of new bone on their surface.
It is also important to consider that all calcium phosphatebased compounds are, to varying extents, degradable in the physiological environment, either by physico-chemical dissolution or through cellular activity [3] . During the process of degradation, structural function of the substitute is diminished, but this process is accompanied by release of calcium and phosphate ions. Indeed, it is believed that in this process of calcium and phosphate release, followed by the re-precipitation of a carbonated apatite layer, along with co-precipitation of endogenous proteins, lies the origin of bioactivity of calcium phosphates [4] . A majority of the literature regarding calcium phosphate bioactivity focuses on the formation of this biological apatite layer, and the in vivo effects of free calcium (Ca 2+ ) and phosphate (Pi) ions both indi- vidually and in combination are largely ignored [5] . Ca 2+ and Pi are considered to be inorganic ions with therapeutic potential, also called bioinorganics. The interest for bioinorganics as a synthetic and potentially safer alternative to biological growth factors is increasing as a method to improve the biological performance of bone graft substitutes, while retaining their synthetic character [2] . Several examples of in vitro studies investigating the effects of Ca 2+ and Pi on growth and differentiation of cells relevant for bone repair and regeneration can be found. For example, increase of calcium ion concentration in cell culture medium has been shown to enhance the proliferation and osteogenic differentiation of both osteoblasts [6] and human periosteum derived stem cells (hPDCs) [7] in a dose-dependent manner. Elevated Ca 2+ concentration [7.8 mM] in hMSC culture resulted in upregulation of a number of osteogenic markers, including bone morphogenetic protein-2 (BMP-2), osteocalcin (OC), osteopontin (OP) and bone sialoprotein (BSP) [8] . It has recently been shown that stimulation of osteogenic differentiation of osteoprogenitor cells by calcium occurs by signaling through L-type calcium channels rather than through calcium sensing receptors [8, 9] . The inorganic phosphate ion concentration in medium has also been shown to influence osteoprogenitor cell fate in a dose dependent manner. For example, a 96-h exposure to 7 mM Pi, led to apoptosis of primary human osteoblast-like cells, induced by a mitochondrial membrane permeability transition caused by the anion [10] . However, a Pi concentration between 2 and 10 mM was also shown to support hPDC proliferation and osteogenic differentiation in a dose-dependent manner [7] and acts as a specific signal for the induction of OP gene expression in osteoblasts [11] . In a recent study by Shih et al. it was demonstrated that extracellular phosphate uptake through SLC20a1, a sodium phosphate symporter, supports osteogenic differentiation of hMSCs via adenosine, an ATP metabolite, which acts as an autocrine/paracrine signaling molecule through the A2b adenosine receptor [12] .
The use of conventional calcium phosphate ceramic bone graft substitutes does not allow for in depth studies of the effects of individual physicochemical parameters on the bioactivity of the material. During degradation, release of calcium ions is naturally also accompanied by a release of phosphate ions. Furthermore, surface structural properties, such as macro-and micro-porosity, specific surface area, roughness [13] [14] [15] [16] and overall geometry [17] [18] [19] , may affect the biological performance in terms of osteoconductivity and osteoinductivity, either independently or partially dependently of the degradation properties. In order to isolate chemical effects from physical and structural effects, one of our earlier studies involved loading highly soluble inorganic phosphate salts into an inert polymeric delivery vehicle that was implanted intramuscularly in mice. This study showed that local supersaturation of soft tissue surrounding the implant with inorganic phosphate resulted in extensive collagen mineralization proximal to the implant [20] .
To further explore the potential of polymeric carriers as delivery vehicles for bioinorganics, and to study the effects of calcium or phosphate released from such carriers independently, composite materials, consisting of PLA, a biocompatible and biodegradable aliphatic polyester, and calcium or phosphate salts were developed in this study. These composites were shaped into particles, offering a three-dimensional substrate for the culture of hMSCs and simultaneously acting as calcium-or phosphate-delivery systems over 14 days of culture. In parallel, hMSCs were cultured in media supplemented by Ca 2+ or Pi. We assessed the independent effects of Ca 2+ and Pi on hMSC proliferation, differentiation toward osteogenic lineage and extracellular matrix (ECM) mineralization.
Materials and methods

Synthesis of composite materials
Calcium carbonate was selected as a source of calcium ions (Fisher Biotech, USA). A sedimentation cut-off was performed in ethanol in order to select salt particles with a maximum diameter of 35 lm. A combination of sodium phosphate monobasic (25 wt.%) and dibasic (75 wt.%) salts (Fisher Biotech, USA) was prepared to obtain a pH neutral source of inorganic phosphate ions. This mixture was ground in a pestle and mortar and sieved through a 38 lm sieve. The polymeric phase of the composites used in this study consisted of amorphous poly(D,L-lactic acid) (PLA) (Purac, Gorinchem, the Netherlands) with a molecular weight of 59,000 Da.
The three composites, i.e. composite containing 5 wt.% calcium carbonate salt (PLA-Ca5%), composite containing 50 wt.% calcium carbonate salt (PLA-Ca50%) and composite containing 5 wt.% sodium phosphate salt mixture (PLA-Pi5%) (Table 1) , and PLA controls were prepared as follows: salts were dispersed and PLA was dissolved in chloroform. The mixture was then added drop by drop using a separating funnel to isopropanol under constant stirring. The precipitate was collected and rinsed overnight in isopropanol, drained and dried. The material was placed in a silanized glass dish and dried further at 150°C and at a pressure of 10 in Hg for 5 min in order to remove solvent traces. Finally, the material was ground and sieved to collect particles between 0.5 and 1 mm in diameter. It should be noted that we were able to develop a composite with a higher (20 wt.%) sodium phosphate salt content; however, a burst release of Pi was observed. This burst release was overcome by the addition of PLA with a higher molecular weight, but since this change in polymeric carrier would not allow a proper comparison with other conditions, we decided not to include it in the study.
Material characterization
Salt grains and composite particles were sputter coated with Au/Pd and observed by scanning electron microscopy (FE-SEM, Hitachi S-4700; ESEM-FEG, Philips XL30) under secondary electron mode with an acceleration voltage of 10 kV. Salt incorporation and homogeneity of distribution in the polymeric phase were assessed using SEM and Energy Dispersive X-ray Spectroscopy (EDAX; Apollo X, Ametek).
Ion release and particle degradation
Ion release from the composite particles was assessed over 2 weeks in a buffer of trishydroxymethyl aminomethane (0.1 M TRIS ((CH 2 OH) 3 CNH 2 ), 0.15 M NaCl, adjusted to a pH of 7.3 with 1 M HCl). 100 mg of particles were immersed in 15 mL of TRIS buffer and maintained at 37°C in a still water bath. Upon immersion in the solution, particles of all material types settled at the bottom of the vial. The calcium and phosphate content of the buffer was analyzed by ion chromatography (DX2500, Dionex, Sunnyvale, CA). The degradation and release experiment was performed in independent triplicate samples to prevent any error introduced by solution refreshment. To assess the surface modification of the composite particles after the 2-week immersion, particles were dried, sputter coated with Au/Pd and observed using a SEM (FE-SEM, Hitachi S-4700) with an acceleration voltage of 2 kV.
Cell culture on composites
Human bone marrow aspirates were obtained after written informed consent, and hMSCs were isolated and proliferated as described previously [21, 22] . Briefly, aspirates were resuspended by using 20-gauge needles, plated at a density of 5 Â 10 5 cells cm
À2
and cultured in hMSC proliferation medium containing a-minimal essential medium (Gibco), 10% fetal bovine serum (Lonza), 0.2 mM ascorbic acid (Sigma Aldrich), 2 mM L-glutamine (Gibco), 100 units mL À1 penicillin (Gibco), 10 lg mL À1 streptomycin (Gibco), and 1 ng mL À1 basic fibroblast growth factor (FGF) (Fisher Scientific). Cells were cultured at 37°C in a humidified atmosphere with 5% CO 2 . Medium was refreshed twice a week, and cells were used for further sub-culturing or cryopreservation. Cells were trypsinized prior to seeding on materials.
Particles were sterilized by immersion in 100% isopropanol followed by complete evaporation. The materials were then rinsed with sterile PBS and conditioned overnight in proliferation medium. Replicates consisting of 100 lL of particles were placed in ultra-low attachment 24 well-plates (Corning) to minimize the adhesion of cells to the plate. hMSCs of passage 3 were seeded on the particles at the density of 400,000 cells per replicate in 200 lL of proliferation medium. Regular cell culture 12-well plates were used as control material and cells were seeded at a density of 25,000 cells per well in 1.5 mL of proliferation medium. Cells were grown at 37°C in a humidified atmosphere with 5% CO 2 . After 24 h the proliferation medium was collected and replaced with 1.5 mL of basic medium (proliferation medium without FGF). Medium was collected and refreshed after 3, 6, 8, 10, 12 and 14 days. For attachment, proliferation, ALP activity and mineralization, cells from one donor were used, while independent cultures of cells from two donors were used for qPCR analysis.
Cell attachment was observed 24 h after seeding by fixing cells in formalin overnight at 4°C and staining the samples with methylene blue for 3 min. The samples were then rinsed with PBS and observed using an optical stereomicroscope.
Calcium and phosphate concentrations in the culture medium were determined using a quantitative colorimetric method (QuantiChrom™, Calcium assay kit (DICA-500) and QuantiChrom™ Phosphate assay kit (DIPI-500), respectively). Optical density of the medium after adding reagents from the kits was measured using a microplate spectrophotometer (Thermo Scientific Multiskan GO) at 612 nm and 620 nm for calcium and phosphate release, respectively.
The proliferation of hMSCs was evaluated at 7 and 14 days of culture by quantifying DNA content (CyQUANT Ò Cell Proliferation assay) and ALP activity was assessed at the enzymatic level (CDP-Star Ò Reagent) as a marker for osteogenic differentiation. A combination of the TRIzol (Invitrogen) method with the NucleoSpin RNA II isolation kit (Macherey-Nagel) was used to perform RNA isolation from the cultures, with the exception of hMSCs grown on PLA-Ca50%. 1 mL of TRIzol reagent was added to each well. Following one freeze/thaw cycle, 200 lL chloroform was added per sample. After mixing and centrifugation, the aqueous phase of each sample was collected and mixed with 350 lL 70% ethanol before loading onto the RNA binding column of the NucleoSpin RNA II isolation kit. Subsequent steps were in accordance with the manufacturer's protocol. In the case of PLA-Ca50%, the manufacturer's protocol was followed from the first step on, where mercaptoethanol was used instead of TRIzol. First strand cDNA was synthesized using iScript (Bio-Rad). Quantitative real time PCR was performed and CT values were normalized to the GAPDH housekeeping gene and fold induction was calculated using the comparative DCT method. Primer sequences of the selected markers are given in Table 2 .
Mineralization of the ECM produced by hMSCs was analyzed after 14 days of culture by fixing cells in formalin overnight at 4°C and staining the samples with alizarin red for 3 min. The samples were then rinsed with PBS and observed under an optical stereomicroscope.
Cell culture in supplemented media
Four supplemented media were prepared from basic medium by enriching them in calcium or phosphate to 4 mM (Ca4, Pi4) or 8 mM (Ca8, Pi8) as final concentrations. Medium conditioning was achieved by adding appropriate volumes of 100 Â pH buffer solutions consisting of demineralized water, 25 mM Hepes (Invitrogen) and 140 mM NaCl (Sigma-Aldrich) and respectively 220 mM of calcium, 620 mM of calcium (CaCl 2 , Sigma-Aldrich), 280 mM of phosphate or 680 mM of phosphate (pH neutral mixture of NaH 2 PO 4 and Na 2 HPO 4 , Sigma-Aldrich) to the basic medium. Basic medium and osteogenic medium (basic medium supplemented with 10 nM dexamethasone) were used as controls.
hMSCs from the same two donors as used for cultures on composites were seeded in conventional cell culture 12-well plates at a density of 25,000 cells per well in 1.5 mL of basic medium. Cells were left in basic medium overnight to attach. The following day, medium was refreshed using the supplemented media. The culture was kept at 37°C in a humidified atmosphere with 5% CO 2 , and medium was refreshed every other day. All analyses were performed on cultures from two independent donors after 4, 7 and 10 days of conditioning. These time points were chosen so as to gather information at an early stage (4 days) and to observe the evolution of the proliferation, ALP activity and gene expression until cell confluence was reached in the wells (10 days).
HMSC proliferation was evaluated at 4, 7 and 10 days of culture by quantifying DNA content (CyQUANT Ò Cell Proliferation assay) and ALP activity was assessed at the enzymatic level (CDP-Star Ò Reagent).
Total RNA was isolated from the cultures of two donors after 4, 7 and 10 days by using the combination of the TRIzol (Invitrogen) method with the NucleoSpin RNA II isolation kit (Macherey-Nagel) as previously described for the cultures on composite materials. Primer sequences of the selected markers are given in Table 2 .
The mineralization of the ECM produced by hMSCs was observed after 10 days of culture by fixing cells in formalin for 20 min and staining the samples with alizarin red for 3 min. The samples were rinsed with PBS and digital photographs were subsequently taken. Table 2 Primers sequences for human genes.
Name
Primer sequence
Statistical analysis
One-way ANOVA with Tukey's multiple comparison post hoc test was performed to analyze DNA, ALP and qPCR data. All experiments were carried out in triplicate. All data presented are expressed as mean ± standard deviation. For clarity, only the significant differences among different conditions analyzed at the same time point are indicated by asterisks on the graphs. Patterned lines are used to distinguish different comparisons. The level of significance was set at p < 0.05.
Results
Material characterization
Analysis of salt particles using SEM showed grains ranging in size from approximately 1-35 lm for CaCO 3 (Fig. 1A) , and from 5-38 lm for Na 2 HPO 4 and NaH 2 PO 4 ( Fig. 1B and C, respectively).
Upon salt incorporation and independent of the quantity or type of salt added, holes on the surface of the composite particles were observed, which were probably formed during the solvent evaporation phase (Fig. 2 , upper row). The surface of PLA-Ca5% appeared smoother than that of PLA-Ca50% indicating that the quantity of incorporated salt grains influenced the texture of the material. EDX spectra of the particles (Fig. 2 , third row) confirmed the presence of calcium in PLA-Ca5% and PLA-Ca50%, and of phosphorus and sodium in PLA-Pi5%. EDX analyses of PLA control particles detected only carbon and oxygen. EDX mapping of the composite particles ( Fig. 2 , fourth row) allowed the visualization of salt distribution throughout the polymeric matrix. Calcium carbonate particles appeared well distributed within PLA, with a much denser signal for PLA-Ca50% than for PLA-Ca5%. In the phosphate composite, salt grains appeared larger and more aggregated compared to those of the calcium composites; however, their distribution within PLA also seemed homogeneous.
Ion release and particle degradation
PLA-Ca5% and PLA-Ca50% samples released calcium continuously over the 14-day degradation study and no burst release was observed ( Fig. 3A and B, respectively). The calcium release rate from PLA-Ca50% samples was approximately 10 times higher than PLA-Ca5% samples. After 14 days, 9% of the theoretical maximum release value was reached for PLA-Ca5% (Fig. 3A) , and 10% for PLA-Ca50% (Fig. 3B) . For PLA-Pi5%, phosphate release was also continuous (Fig. 3C ) and no burst release was observed. After 14 days, approximately 10% of the theoretical maximum release value was reached for PLA-Pi5%.
Observation of the composite particles following the degradation study revealed that holes had formed on the surface of all samples as a result of salt grain dissolution; small cracks in the polymer matrix were also visible, probably due to water uptake and polymer swelling (Fig. 4) . Despite these microscale changes, all of the samples remained structurally intact.
In vitro cell culture on composites
Cell attachment, proliferation and osteogenic differentiation of hMSCs cultured on the different composite particles were evaluated. Methylene blue staining of the hMSCs after 24 h in culture showed good attachment of cells on all materials tested. Cells were seeded at the same density for each sample and showed similar attachment density with plenty of remaining naked surface available to allow for cell proliferation (Fig. 5) .
Chemical analysis of culture medium compositions showed that the calcium-containing composites did not enrich the medium with Ca 2+ , as the Ca 2+ concentrations of PLA-Ca5% and PLA-Ca50% media were comparable or at some time points lower than that of plain PLA (Fig. 6A) . However, the phosphate-containing composite induced a sustained Ca 2+ depletion of the medium as compared to plain PLA and calcium composites, which was especially noticeable on days 1, 3 and 8 ( Fig. 6A) . The phosphate-containing composite enriched the cell culture medium in Pi, with the highest release at early time points, which slowly decreased with time ( Fig. 6B) . In PLA-Ca50% samples, Pi depletion in the culture medium was observed, while the effect of PLA-Ca5% on Pi concentration in the medium was less apparent and comparable to that of plain PLA samples (Fig. 6B ). After 7 and 14 days of culture in basic medium, total DNA from the attached hMSCs was quantified as an indirect measure of cell proliferation (Fig. 7A) . All materials sustained cell proliferation over 14 days of culture. The amounts of DNA measured in the cultures increased slightly between 7 and 14 days, but this increase was only significant for cultures on tissue culture plates. After 7 days, the DNA level of cells grown on PLA-Ca5% was significantly higher than that of cultures on tissue culture plates. Cells grown on PLA-Ca50% particles showed the highest proliferation rate with DNA levels significantly higher than those observed for all other materials at both time points, with the exception of PLA-Ca5% after 7 days of culture.
ALP activity of hMSCs was quantified and normalized for DNA content after 7 and 14 days of culture (Fig. 7B) . A significant increase in ALP expression between 7 and 14 days was observed for PLA-Ca5% and PLA-Pi5% composites only. ALP levels of hMSC cultures on composite samples were higher than those measured in PLA and plate cultures, independent of the time point. The difference in ALP levels measured in cultures on composites versus controls was statistically significant for PLA-Ca50% and PLA-Pi5% at 7 days and for all three composites at 14 days. In terms of differences among composites, it was observed that hMSCs cultured on PLA-Ca50% and PLA-Pi5% particles expressed significantly higher amounts of ALP after 7 days than hMSCs cultured on PLA-Ca5%. After 14 days, ALP production was significantly enhanced in cultures with PLA-Pi5% as compared to cells cultured on other composites.
The expression profile of osteogenic markers of hMSCs from two independent donors cultured on the composite materials was determined using qPCR at 7 and 14 days (Fig. 8) . ALP gene expression was downregulated in cells cultured on particles at both time points compared to cells cultured on tissue culture plastic, both in basic and osteogenic medium. In the case of donor 1, this downregulation was statistically significant, with the exception of cells cultured for 7 days on PLA-Ca50%, which exhibited ALP mRNA expression level comparable to that of cells cultured on tissue culture plastic in basic medium. For donor 2, ALP expression in cells cultured on tissue culture plastic in osteogenic medium was significantly higher as compared to ALP mRNA levels of cells grown on all four composite samples.
BMP2 gene expression was upregulated in cells cultured on particles for 7 days as compared to cells cultured on tissue culture plastic in basic and osteogenic media for the same duration, independent of the donor. Donor 1 cells cultured on PLA-Pi5% expressed significantly higher levels of BMP2 mRNA than controls. It should be noted that cells cultured on PLA-Ca50% expressed BMP2 mRNA levels significantly higher than those of all other cultures at both time points. Cells from donor 2 grown on PLA-Ca50% and PLA-Pi5% showed a significantly higher BMP2 expression than cells cultured on all other materials, with PLA-Pi5% cultures also expressing higher levels of BMP2 mRNA than PLA-Ca50% cultures.
Collagen type I expression was generally downregulated in cells cultured on particles at both time points as compared to controls in basic medium. However, donor 1 hMSCs expressed a significantly higher level of collagen type I mRNA when cultured on PLACa50% particles than cells cultured on all other materials, independent of the time point. Fig. 2 . Characterization of composite particles. First row: SEM micrographs of composite particles (scale bar: 500 lm). Second row: SEM micrographs of particle surfaces (scale bar: 50 lm). Third row: EDX spectra of composite materials. Fourth row: EDAX elemental map of composite particle surfaces. All composite particles presented holes in the surface, probably formed during solvent evaporation. Furthermore, the surface of PLACa50% appeared rougher than that of other materials, as a consequence of a higher salt content. The EDX analysis confirmed incorporation of both calcium and phosphate salt, with CaCO 3 being homogenously distributed and with phosphate salt particles showing some aggregation.
Analysis of osteocalcin expression showed similarities between donor 1 and donor 2 profiles. The highest signal was obtained for cells cultured for 14 days on PLA-Ca50% particles, which was significantly higher than the values obtained from all other cultures. For donor 2, the osteocalcin expression of cells cultured on PLACa50% particles for 7 days was significantly higher than those of cells cultured on the other materials, and the expression of cells cultured on PLA-Pi5% was significantly higher than that of cells grown in osteogenic medium on plastic plates after 7 days, and than those of cells grown on all other materials (except PLACa50%) after 14 days.
Osteopontin expression by donor 1 cells was significantly upregulated only for hMSCs cultured for 7 days on PLA-Ca50% particles. This result was confirmed in the profile of donor 2, where the upregulation was still significant after 14 days of culture. However, osteopontin expression by cells from donor 2 was also significantly upregulated for cells cultured on PLA-Pi5% for 7 days.
Alizarin red staining of the particle cultures after 14 days provided a qualitative indication of ECM mineralization (Fig. 9) . Controls consisting of particles immersed for 14 days in basic medium in the absence of cells did stain when exposed to alizarin red, but the stain seemed less homogenously distributed than on the particles stained after cell culture. In contrast to the ''spotwise'' staining of the particles in absence of cells (Supplementary data), samples with cells were homogenously stained over the entire surface and between the particles, plausibly as a consequence of mineralization of the layer of cells and ECM covering the particles. Although all cultures displayed a red stain after treatment, qualitative differences were observed among the various composite types: the lowest level of stain was observed on PLA, followed by PLA-Ca5% and PLA-Pi5%. Cultures on PLA-Ca50% clearly displayed the most intensive stain.
In vitro cell culture in ion-supplemented media
To investigate the effect of calcium and phosphate ions on the behavior hMSCs from the two donors, independently from the PLA carrier, an additional cell culture was performed on tissue culture plates in basic media that were supplemented with Ca 2+ or Pi, followed by cell attachment, proliferation and osteogenic differentiation analysis. After 4, 7 and 10 days of culture, hMSC DNA was quantified to assess cell proliferation in supplemented media ( Fig. 10A and B) . All media sustained cell proliferation over 10 days of culture. A significant increase in total DNA was observed between days 4 and 7 in all the conditions tested, independent of the donor. Between day 7 and 10, the increase in DNA amount was significant for Ca4, Ca8 and Pi8 media for donor 1 and Ca8 medium for donor 2. For cells from donor 1, Ca8 medium showed the only a significant effect on the cultures after 4 days of exposure with a significantly higher level of DNA than those of Pi4 and basic medium culture. After 7 days, the DNA amount in Ca8 condition was still significantly higher compared to Pi4, Pi8 and basic medium, and Ca4 was also shown to significantly increase cell proliferation in comparison to Pi8 and basic medium. After 10 days, the same trend was noticeable, with Ca8 culture giving a significantly higher signal than those observed for all other cultures. Pi8 culture showed a significantly lower level of DNA in comparison to all other cultures. The profile of donor 2 showed similarities with that of donor 1, especially regarding Ca8 effect on the culture. At day 4, the amount of DNA measured in Ca8 culture was already significantly higher than those measured in Pi4 and basic medium cultures. At this time point it was also noted that Ca4 and Pi8 significantly increased the proliferation rate of the cultures compared to basic medium. After 7 days Ca8 showed a significantly higher level of . While for all composites, the formation of holes was observed on the surface upon immersion in the buffer, the particles retained their overall structural integrity. Fig. 5 . hMSC attachment. Light micrographs of hMSCs stained with methylene blue after 24 h of culture on the indicated polymer and composite particles. All materials allowed the attachment of hMSCs, without apparent differences among the materials.
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DNA compared to all other conditions. After 10 days the effect of Ca8 was still noticeable, although Ca4, Pi4, Pi8 also significantly increased the culture proliferation rate as compared to basic medium. ALP activity of hMSCs was quantified and corrected for DNA content after 4, 7 and 10 days of culture ( Fig. 10C and D) . At day 4, ALP levels detected were negligible, independent of the donor. At day 7, ALP levels were quantified but no significant differences were found between the experimental conditions. At 14 days, Ca4 and Ca8 cultures of both donors expressed a significantly higher level of ALP compared to Pi4, Pi8 and basic medium cultures. However, cells of donor 1 also showed a significant effect of Pi4 medium, with ALP levels higher than those of Pi8 and basic medium cultures; and cells of donor 2 grown in Ca8 expressed significantly higher amounts of ALP than cells cultured in Ca4 medium.
The expression profiles of osteogenic markers of hMSCs from the two donors cultured in supplemented media are displayed in Fig. 11 . No significant differences were observed among the ALP mRNA levels detected in supplemented basic media cultures, with the exception of donor 2 cells cultured for 10 days in Ca4 medium, which showed significantly higher levels of ALP mRNA than cells cultured in Ca8, Pi4, Pi8 and basic medium. The strongest effect was observed in the osteogenic medium cultures, independent of the donor. For donor 1, significantly higher levels of ALP were detected in osteogenic medium cultures at day 4 compared to levels obtained in Pi4, Pi8 and basic medium cultures, and by day 10, compared to levels measured in Ca8, Pi4, Pi8 and basic medium cultures. Donor 2 cells cultured in osteogenic medium expressed significantly higher levels of ALP mRNA than all other cultures at day 7 (with the exception of cells in Ca4) and at day 10.
BMP2 expression profiles of cells from the two donors presented similarities with an upregulation of BMP2 mRNA for cells grown in Ca8 and in Pi8 supplemented media. A temporal increase in BMP2 levels was observed for these cultures, which was statistically significant from the first time point for Pi8 medium and from the second time point for Ca8 medium compared to all other conditions, independent of the donor. Considering donor 1, hMSCs cultured for 7 days in Pi8 medium expressed a significantly higher level of BMP2 as compared to Ca4, Pi4, basic and osteogenic media, while cells grown in Ca8 only showed a significantly higher level of mRNA in comparison to osteogenic medium cultures. After 10 days, BMP2 expression was significantly increased in Ca8 and Pi8 cultures, as compared to cultures in all other media. It could be noticed that cells grown in Pi8 also expressed significantly higher levels of BMP2 than cells grown in Ca8. Data on donor 2 cultures presented significant BMP2 upregulation at day 7 in cells grown in Pi8 medium and at day 10 in hMSCs cultured in Ca8 and Pi8 as compared to all other conditions. Analysis of collagen type I expression showed that only cells cultured in calcium supplemented media showed an upregulation . HMSC proliferation and osteogenic differentiation on composite particles. DNA content (A) and ALP activity normalized for DNA content (B) of hMSCs cultured on PLACa5%, PLA-Ca50%, PLA-Pi5%, PLA particles, and tissue culture plate in basic medium for 7 and 14 days ( ⁄ p < 0.05). The three composites and the polymeric control sustained cell proliferation over 14-day period, although the increase in DNA content between day 7 and day 14 was limited for all materials. Cells grown on calcium composites showed the highest proliferation rate. ALP activity was higher when cells were grown on composite materials as compared to PLA or tissue culture plastic. While at 7 days, cells grown on PLA-Ca5% showed a lower ALP activity than those cultured on PLA-Ca50% or PLA-Pi5%, at 14 days, the phosphate composite showed a higher ALP activity than the calcium composites. Fig. 8 . Osteogenic profile of cultures on composite particles. hMSC gene expression after 7 and 14 days of culture on composite particles. For clarity, the PLA part of the particle notation has been removed, BM stands for basic medium and OM for osteogenic medium ( ⁄ p < 0.05). ALP gene expression was downregulated when cells were cultured on composite or polymeric particles as compared to tissue culture plastic. Cells from both donors cultured on PLA-Ca50% or PLA-Pi5% showed an upregulation of BMP2 gene expression after 7 days. A significant upregulation was also observed for donor 2 cells cultured on PLA-Ca5%. Furthermore, cells cultured on PLA-Ca50% showed an upregulation of OC and OP gene expression for both donors, and of collagen type I expression for donor 1. Donor 2 cells cultured on PLA-Pi5% also expressed significantly higher levels of OC and OP mRNA.
of this gene, as no statistically significant differences could be detected among other media, independent of the time point and donor. For donor 1, cells cultured in Ca8 medium expressed a significantly higher level of collagen type I mRNA, at 7 and 10 days, as compared to all other cultures. HMSCs from the second donor cultured in Ca8 medium presented a significantly higher expression of collagen type I at 7 days compared to cells cultured in basic medium, and at 10 days compared to cells grown in all other media. The effect of calcium on these cells was also clear after 10 days of exposure to Ca4 medium, where cells expressed a significantly higher level of mRNA than cells cultured in basic medium. Osteocalcin gene expression was also enhanced by Ca8 medium. Donor 1 hMSC levels of osteocalcin mRNA were significantly increased in Ca8 cultures at 7 and 10 days in comparison to all other cultures. In hMSCs from the second donor, the effect of Ca8 medium was noticeable as early as day 4 with an upregulation of gene expression compared to basic medium culture. After 7 days of exposure to Ca8, cells expressed significantly higher levels of osteocalcin than cells grown in all other conditions. From this second time point, upregulation of osteocalcin also became significantly higher for cultures in Pi8 medium compared to basic medium cultures. After 10 days of culture, cells cultured in both Ca8 and Pi8 media presented a statistically significant upregulation of osteocalcin expression compared to all other media.
The only significant increase in osteopontin expression of cells from donor 1 was detected for cells cultured for 10 days in Ca8 medium. Cells from donor 2 showed a similar effect of Ca8 medium, however upregulation of osteopontin occurred at day 7 and . HMSC proliferation and osteogenic differentiation in supplemented media. DNA content (A and B, donor 1 and 2, respectively) after 4, 7, and 10 days, and ALP activity normalized for DNA content (C and D, donor 1 and 2, respectively) after 7 and 10 days of culture of hMSCs in tissue culture plates with supplemented media ( ⁄ p < 0.05). All media sustained cell proliferation over 10 days of culture, independent of the donor. Ca8 medium showed an early and consistent effect on the cultures with the highest proliferation rate. A positive effect of Ca4 medium on hMSC proliferation was also observed for both donors. At 14 days, Ca4 and Ca8 cultures of both donors expressed a significantly higher level of ALP compared to Pi4, Pi8 and basic medium cultures. ALP level increased when cells were cultured in Pi4 medium and was significantly higher as compared to the cultures in Pi8 or basic medium for donor 1. Osteogenic profile of cells cultured in supplemented media. hMSC gene expression, after 4, 7 and 10 days in supplemented media. BM stands for basic medium and OM for osteogenic medium ( ⁄ p < 0.05). Only the osteogenic cell culture medium had a significant positive effect on the ALP gene expression. A temporal increase in BMP2 mRNA levels was observed for cells grown in Ca8 and in Pi8 supplemented media, with, at 10 days, significantly higher BMP2 levels than those of all other cultures. Cells cultured in calcium supplemented media showed an upregulation of collagen type I, whereas no statistically significant differences could be detected among other media, independent of the time point or donor. Furthermore, the Ca8 medium showed a significant upregulation of OC and OP mRNA levels occurring in time for both donors. Donor 2 cells cultured in Pi8 medium also expressed significantly higher levels of OC and OP mRNA. this pattern was also observed for cells cultured in Pi8 medium. However, the osteopontin levels measured in Ca8 cultures were significantly higher than that recorded for Pi8 cultures at 10 days.
hMSCs cultured in supplemented media were stained with alizarin red after 10 days to qualitatively assess ECM mineralization (Fig. 12) . To exclude the possibility that supplemented media could precipitate on the ECM and be stained by the alizarin red solution, collagen coated petri dishes were filled with the supplemented media and placed in culture conditions for 24 h. After this treatment, collagen coated petri dishes were rinsed and stained in the same way as the cultures. None of the dishes were stained (results not shown), which confirmed that supplemented media did not precipitate on the collagen films. Only Ca8, Pi4 and Pi8 cultures were stained and the result was similar for both donors. Microscopic red clusters were observed in the Pi4 cultures, whereas staining was abundant in Ca8 and Pi8 cultures and could be seen easily with the naked eye. Cells grown in Pi8 medium exhibited the strongest stain with nearly the entire surface of the wells strongly colored red.
Discussion
Calcium phosphate based bioceramics are the largest class of synthetic bone graft substitutes. A wide range of calcium phosphate based biomaterials have been developed since the 1970's and several have reached clinical application for orthopedic and maxillofacial surgery, due largely to their physicochemical similarity to natural bone mineral and osteoconductive properties [23] . In an attempt to find an optimal calcium phosphate ceramic for application in bone repair and regeneration, a contemporary literature search reveals a somewhat general conclusion that a favorable combination of complex features such as chemical composition, degradation rate, grain size, porosity and specific surface area is required. These different properties are, however, interlinked, making it very difficult to change one without affecting another; hence design of calcium phosphate bone graft substitutes remains a highly complex issue. Consequently it is also difficult to identify which property, or combinations of properties, of a bone graft substitute is responsible for a specific biological effect.
In order to obtain a greater understanding regarding the role of individual material properties on the biological processes related to bone formation and remodeling, one needs to separate the individual properties and test them independently of one another. Here, we have attempted to investigate the individual effects of calcium and phosphate ions on the growth, differentiation and mineralization of clinically relevant hMSCs. To this end, we designed composites with calcium or phosphate salts as fillers, instead of a calcium phosphate ceramic. By doing so, we ensured that these composites would serve two purposes: (1) independent release of either Ca 2+ or Pi from the polymeric carrier and (2) control over surface properties (like porosity or roughness) since the polymeric phase and the production process remained identical. Furthermore, to test the effect of the two ions in the absence of the 3D environment created by the composite particles, hMSCs were also cultured in conventional tissue culture well plates in media conditioned with the two ions of interest. Polymeric particles have been extensively studied as carriers of drugs and other biologics, but they can also be used as release vehicles for bioinorganics. PLA is a good candidate for this application, since the degradation rate of this biocompatible polymer, and hence the release profile of the incorporated compound, can be controlled by selecting a specific molecular weight [24] . Different combinations of calcium carbonate and PLA have already been achieved, such as composites [25] and hollow spheres [26] , and it has been shown that such materials support cell attachment. In the present study, we were able to confirm a homogeneous incorporation of calcium carbonate and sodium phosphate salts into the PLA matrix, with a sustained release of both Ca 2+ and Pi over 14 days in a simulated physiological solution. The ion release rate decreased with time, although the duration of the experiment did not allow the system to reach equilibrium. Much of the inorganic salt grains were trapped inside the polymer matrix and unable to dissolve and therefore ions were not released. Changing the particle size or introducing macroporosity (e.g. foaming) to modify surface area would make more of the entrapped salt accessible and would increase the ions release rate. Another advantage of polymeric carriers is their ability to retain structural integrity while releasing compounds in a biological environment, making them suitable for in vitro [26] and in vivo [19, 24] , there was also a depletion of Pi in the medium, which was especially noticeable in PLA-Ca50% samples. While PLA-Pi5% did enrich the culture medium in phosphate ions, there was also a reduction in Ca 2+ . This decrease in Ca 2+ and Pi concentration indicates either spontaneous precipitation of a calcium phosphate layer on the surface of the materials as previously observed for composites consisting of PLA and calcium-phosphate apatite [24] or of the mineralization of the ECM produced by the cells [20] , or both. Although the Ca 2+ and Pi concentrations measured in the medium during cell culture on the different composites were lower than those initially present in the supplemented media, similarities could be observed in the effects of both ions on hMSCs' growth and differentiation. Cells cultured on calcium composites exhibited a higher proliferation rate than those cultured on the phosphate composite and PLA control. This positive effect was especially significant in the PLA-Ca50% culture, which correlates with the results obtained from cultures in supplemented media where calcium was shown to stimulate hMSC proliferation in a dose-dependent manner. This observation confirms previous results obtained with hMSCs exposed to a calcium concentration of 7.8 mM [8] . While PLA-Pi5% did not seem to affect the proliferation rate of hMSCs, the effect of phosphate on cell proliferation in supplemented media depended on the donor. The cells of donor 1 showed a decrease in proliferation when exposed to the highest phosphate concentration for 10 days. However, an increase in proliferation was observed in donor 2 cells exposed for 10 days to 4 and 8 mM of phosphate. A stimulating effect of phosphate on cell proliferation has previously been described for human periosteum derived cells (hPDC) [7] and osteoblasts [27] , when these cells were exposed to Pi concentrations between 2 and 4 mM. However, the exposure to high concentrations of Pi (>5 mM) also led to osteoblast apoptosis [10] . This implies that the control of Pi release from bone substitute materials is highly important. The favorable effect of a combination of calcium and phosphate ions on ALP production by hMSCs has already been demonstrated in an earlier study where nanosized hydroxyapatite powder was combined with PLA to produce a composite [19] . ALP is considered an early marker of osteogenesis [28] and is known to influence phosphate homeostasis, as this enzyme can convert extracellular pyrophosphate, a mineralization inhibitor, into inorganic phosphate [29] . In the present study, it was demonstrated that Ca 2+ and Pi also independently increase production of ALP in hMSCs, both from composites and supplemented media cultures. Our results indicate that Ca 2+ has a dose-dependent effect on ALP production, as high concentration of Ca 2+ resulted in higher ALP activity in both composite cultures and in supplemented media. Interestingly, higher levels of ALP expression were observed in composite cultures, though Ca 2+ concentration in the medium was in general lower than that in supplemented media. Pi strongly enhanced ALP expression in the composite culture, whereas in the conditioned media, only a low concentration of 4 mM and only at the later time point of 10 days showed a positive effect as compared to the control. Considering that also here, the Pi concentration in the medium of composite culture was lower than in the supplemented media, it is suggested that there is an upper limit to Pi concentration above which the ALP expression is inhibited. Consistent effects of calcium and phosphate ions in composites and supplemented media cultures could also be observed in the gene expression of hMSCs. For instance, an upregulation of BPM2 gene expression of hMSCs cultured in the presence of elevated levels of calcium or inorganic phosphate both on composites and in supplemented media was observed, particularly at early time points. BMP2 levels of cells cultured in Ca8 and Pi8 media for 10 days were significantly increased as compared to expression levels measured in all other cultures. Also cells cultured on PLACa50% and PLA-Pi5% for 7 days expressed significantly higher BMP2 mRNA levels than cells cultured on controls. These results are in accordance with the literature as hMSCs were shown to express significantly higher levels of BMP2 mRNA when exposed for 6 days to 7.8 mM of calcium ions [8] . The effect of phosphate on BMP2 expression is documented for hPDCs, which were shown to express higher levels of BMP2 mRNA when exposed to 8 mM of phosphate ions for more than 7 days [7] . BMP2 has a well-known role in the process of osteogenic differentiation as well as in the maintenance of bone homeostasis and bone regeneration [30] .
This study indicates that the expression of OC and OP in response to phosphate may be dependent on the cell source. Here we tested hMSCs from 2 different donors and while cells from donor 1 expressed significantly higher levels of both genes when exposed to Ca8 or cultured on PLA-Ca50%, cells from donor 2 expressed higher levels of both genes also when exposed to Pi8 medium and when cultured on PLA-Pi5%. The positive effects of calcium and phosphate on the expression of OC and OP mRNA were also drawn in previous studies [7, 8] . OC is known to regulate the growth and size of hydroxyapatite crystals [31] and OP is thought to inhibit hydroxyapatite formation and growth during bone mineralization [32] , making these proteins valuable markers of osteogenesis.
The expression of collagen type 1, a predominant organic component of bone, was shown to be only increased by Ca 2+ from either composites or supplemented media cultures, however, this induction was largely dependent on the cell source. Although a concentration of 7.8 mM was previously shown to induce ALP down regulation in hMSCs [8] , in our study, similar results were only observed when cells were cultured on composite particles. Conditioning of the medium with either calcium or inorganic phosphate ions did not have an effect on the expression of ALP mRNA, which does not reflect the observed effect on the enzymatic levels discussed earlier; this discrepancy is likely related to the timing at which the expression was quantified since peak ALP expression at mRNA level is transient.
In general, analysis of osteogenic markers has led us to conclude that both calcium and inorganic phosphate ions instruct hMSCs to differentiate toward the osteogenic lineage. Signs of mineralization were observed in all experiments in which phosphate ions were increased and the supplemented media cultures suggested a dose-dependent effect. Elevated Pi concentrations have previously been shown to initiate ECM mineralization in vivo [20] and in hPDCs cultures [7] . Although in the study on hPDCs it was concluded that calcium ions do not affect mineralization [7] , in the present study we did observe signs of mineralization in Ca8, PLACa5% and PLA-Ca50%, indicating that Ca 2+ also enhanced ECM mineralization by hMSCs in a dose-dependent manner. Besides the difference in the cell type used, a reason for a more pronounced mineralization observed in the current study may be a larger surface area of the composite particles as compared to the cell culture well plate, that enabled more ECM production, followed by its mineralization. Taken together, the results of this study confirmed that there are individual effects of calcium and inorganic phosphate ions on proliferation, osteogenic differentiation and mineralization of hMSCs in basic medium, and thus they are effective in the absence of other stimulators of osteogenic differentiation or mineralization. Similar effects were observed when composites containing calcium or phosphate salts were used, although ion concentrations measured in the medium were lower compared to conditioned medium. It is however important to emphasize that these measurements were performed in bulk of the medium, and that local concentrations in the vicinity of cells may have been much higher. By varying the initial concentration of salts, but also by carefully selecting polymer properties, the release profile of the ions can be controlled.
Our approach can aid in elucidating the individual effects of a variety of soluble compounds, including bioinorganics, without interference from other material properties. Current approaches for the delivery of bioinorganics include incorporation in or adsorption on calcium phosphate bulk ceramics [33, 34] , coatings [35] and bioactive glasses [36] . Although these strategies also allow the use of delivery vehicles as scaffolds, they generate a complex environment with other dissolution products that also affect cell fate. Besides being an interesting study model, this approach supports the concept of using bioinorganics as alternatives to growth factors, rather than just structural components of a ceramic or glass. Locally delivered, they have been shown to enhance mineralization [20] , vascularization [2] and tissue regeneration in general, making bioinorganics potentially a cost-effective alternative to biological growth factors.
Conclusion
By carefully designing a polymeric based composite material we were able to release calcium and inorganic phosphate ions independently of one another and study the effects on cultured hMSC cells independently of other material properties. In doing so, and supported by cultures in which these ions were added exogenously, we have shown that both ions have a strong effect on the proliferation, osteogenic differentiation and mineralization of hMSCs in the absence of other stimulators of osteogenic differentiation or mineralization. Our approach can aid in elucidating the individual effects of a wide variety of soluble compounds, including bioinorganics, without interference from other material properties.
